Human pluripotent stem cells (hPSCs) offer the potential to generate large numbers of functional cardiomyocytes from clonal and patient-specific cell sources. Here we show that temporal modulation of Wnt signaling is both essential and sufficient for efficient cardiac induction in hPSCs under defined, growth factor-free conditions. shRNA knockdown of β-catenin during the initial stage of hPSC differentiation fully blocked cardiomyocyte specification, whereas glycogen synthase kinase 3 inhibition at this point enhanced cardiomyocyte generation. Furthermore, sequential treatment of hPSCs with glycogen synthase kinase 3 inhibitors followed by inducible expression of β-catenin shRNA or chemical inhibitors of Wnt signaling produced a high yield of virtually (up to 98%) pure functional human cardiomyocytes from multiple hPSC lines. The robust ability to generate functional cardiomyocytes under defined, growth factor-free conditions solely by genetic or chemically mediated manipulation of a single developmental pathway should facilitate scalable production of cardiac cells suitable for research and regenerative applications.
directed differentiation | chemically defined medium B ecause human pluripotent stem cells (hPSCs), including human embryonic stem cells (hESCs) (1) and human induced pluripotent stem cells (iPSCs) (2, 3) , can be propagated indefinitely while still retaining the capacity to differentiate into all somatic cell types, they are a potentially inexhaustible supply of human cells, including cardiomyocytes. Over the past decade, substantial advances have been made in generating cardiomyocytes from hPSCs by providing developmental cues during differentiation. Mouse visceral endoderm-like cell-conditioned medium has been shown to enhance cardiac differentiation in embryoid bodies (EBs) (4) . The addition of defined growth factors, including activin A, bone morphogenic factor (BMP4), FGF2, VEGF, and Dickkopf-1 (DKK-1), can further enhance cardiomyocyte differentiation in EBs (5) . However, this protocol requires monitoring of kinase domain receptor/c-kit (5) or Flk1/ PDGF receptor α (6) expression to present growth factors temporally at optimal concentrations to induce efficient cardiac development and thus must be optimized individually for each cell line. This directed differentiation protocol also requires a difficult-to-scale enrichment step, such as cell sorting with an antibody against signal-regulatory protein α (SIRPA) (7) , to generate a relatively (up to 98%) pure population of cardiomyocytes.
Identification of defined factors that promote cardiomyocyte differentiation also has enabled development of monolayerbased directed differentiation protocols. Sequential addition of activin A and BMP4 to defined RPMI/B27 medium has been reported to be more efficient than EB-based methods, generating more than 30% cardiomyocytes in the H7 hESC line (8) . However, the efficiency of the activin A and BMP4 monolayerdirected differentiation protocol can be highly variable between cell lines and experimental repeats (9) .
The Wnt signaling pathway has emerged as one of the key regulators of cardiogenesis in vivo and in vitro. Canonical Wnt ligands direct cell proliferation and cell fate determination during embryonic development through inhibition of glycogen synthase kinase 3 (Gsk3), leading to nuclear accumulation of β-catenin, which associates with T-cell factor/lymphoid enhancer-binding factor (Tcf/Lef) and activates gene transcription. In chick and frog embryos canonical Wnt signaling was shown to repress early cardiac specification (10) . Wnt signaling also has been shown to have a biphasic effect on cardiac development in zebrafish, mouse embryos, and mouse ES cells (11, 12) , with early Wnt signaling enhancing and later signaling repressing heart development. Endogenous Wnt signaling also is required for hESC differentiation to cardiomyocytes in the monolayer-based directed differentiation protocol (9) . However, because of the complex nature of Wnt signaling on cardiac differentiation, previous reports have not identified the temporal requirements or sufficiency of canonical Wnt signaling in hPSC differentiation to cardiomyocytes. Here, we systematically optimize Wnt signaling activity during hPSC differentiation to cardiomyocytes and then illustrate that appropriate temporal modulation of regulatory elements of Wnt signaling alone via genetic approaches or small molecule inhibitors is sufficient to drive multiple hPSC lines to differentiate to cardiomyocytes efficiently, in part by regulating signaling through other pathways critical for cardiomyocyte differentiation. We demonstrated that it is possible to generate populations consisting of up to 98% cardiomyocytes with an extremely high yield (15 cardiomyocytes per hPSC input) from hPSC without any enrichment and/or purification step solely via temporal modulation of regulatory elements of Wnt signaling. We then used this method to develop a robust, inexpensive, completely defined, growth factor-free, scalable method of producing cardiomyocytes from hPSCs.
Results

Differentiation Induced by Gsk3 Inhibitors in hPSCs is β-Catenin
Dependent. To probe the activation of canonical Wnt/β-catenin signaling during hPSC specification to cardiomyocytes, we generated a series of promoter-reporter cell lines in H9 hESC and 19-9-11 human iPSC lines. These reporter lines, integrated with a lentiviral 7TGP vector, express GFP under control of a con-sensus TCF/LEF binding sequence promoter that reports canonical Wnt/β-catenin signaling activation (Fig. S1A) (13) . Although Wnt/β-catenin activation has been reported in undifferentiated mouse embryonic stem cells and hESCs (14-16), we and others (17) failed to observe significant TCF/LEF-mediated transcriptional activity in self-renewing undifferentiated H9-7TGP hESCs in several different culture conditions, including mouse embryonic fibroblast (MEF) coculture, in MEF-conditioned medium on Matrigel, and in mTeSR1 medium on Matrigel (Fig. S1B) . However, treatment of the H9-7TGP reporter line with the Gsk3 inhibitor CHIR99021 (CH) activated TCF/LEF promoter activity in mTeSR1 on Matrigel. Immunofluorescent analysis revealed that the CH-induced H9-7TGP GFP + cells did not express Oct4 but did express Isl1 and Nkx2.5 (Fig. 1A) . Heart Isl1 + cells have been shown to be capable of self-renewal and expansion before differentiation into the three major cell types: cardiomyocytes, endothelial cells, and smooth muscle cells (18, 19) , and Nkx2.5 (20) is expressed in committed cardiomyocytes and cardiac progenitor cells. Similar results were obtained in the 19-9-11 7TGP iPSC line (Fig. S1C) . These results indicate that CH induces differentiation of hPSCs cultured in mTeSR1. Interestingly, we observed heterogeneous activation of Wnt/β-catenin signaling in 7TGP-hPSCs upon CH treatment in mTeSR1; this heterogeneous activation may result from conflicting selfrenewal signals in the mTeSR1 medium and differentiation signals from the Gsk3 inhibitor.
To evaluate the role of β-catenin in Gsk3 inhibitor-induced hPSC differentiation, we generated H9 hESC and 19-9-11 iPSC lines carrying lentiviral integrated β-catenin shRNA. This shRNA efficiently down-regulated β-catenin expression compared with control scrambled sequences (Fig. S2 A-C) . The β-catenin knockdown cells still maintained high Oct4 and SSEA4 expression (Fig. S2 D and E) .
We then treated the β-catenin knockdown (shcat-2) and scramble 19-9-11 lines with CH in mTeSR1 medium to test whether differentiation induced by Gsk3 inhibitors requires β-catenin. Although the shcat-2 line maintained an undifferentiated morphology, the scramble line appeared to undergo differentiation (Fig. S2F) , similar to unmodified cell lines treated with CH. Induction of differentiation following CH treatment in the scramble control was indicated further by the disappearance of SOX2 and NANOG and decreased OCT4 expression at day 4 (Fig. 1B) . Flow cytometry analysis revealed that the percentage of cells expressing Oct4 decreased to 61% in the scramble line, whereas 98% of the shcat-2 cells expressed Oct4 (Fig. 1C) . In addition, expression of genes found in mesendoderm and early mesoderm tissues (MIXL1, GSC, T, WNT3A, and MSX1) emerged in CH-treated scramble cells, but less expression of these genes was observed in CH-treated shcat-2 cells. To understand better the quantitative nature of early mesoderm induction via Gsk3 inhibition, we analyzed expression of the early mesoderm gene T in scramble and shcat-2 19-9-11 lines. As CH concentration increased, the ratio of T expression in scramble to the shcat-2 line increased (Fig. 1D) . Flow cytometry analysis revealed that less than 2% of shcat-2 cells expressed brachyury upon exposure to different concentrations of CH for 4 d. In contrast, the scramble line exhibited a CH concentration-dependent increase in the fraction of cells expressing brachyury, containing 76% brachyury-positive cells following treatment with 15 μM CH for 4 d (Fig. 1E ). In addition, immunostaining of the scramble cell line after treatment with 12 μM CH in mTeSR1 for 4 d showed substantial numbers of Nanog − /Isl1 + cells, whereas the shcat-2 cells treated with CH contained only Nanog + /Isl1 − cells (Fig. 1F) . Together these results demonstrate that treatment of undifferentiated hPSCs in mTeSR1 with Gsk3 inhibitors induces differentiation in a β-catenin-dependent manner.
Temporal Key Roles of β-Catenin for Efficient Cardiac Differentiation.
Because Gsk3 inhibition induced differentiation toward early mesoderm cells expressing Isl1 and Nkx2.5, we quantitatively assessed the effect of incorporating Gsk3 inhibitors during previously reported EB-and monolayer-directed differentiation protocols (8) . For EB differentiation, undifferentiated H9 hESCs were cultured in the presence of 0-8 μM CH for 3 d before EB formation. Visual analysis of spontaneously contracting outgrowths indicated that the efficiency of cardiomyocyte differentiation peaked at 2-4 μM CH ( Fig. 2A) . During monolayerbased directed differentiation, sequential addition of activin A and BMP4 generated very few contracting cardiomyocytes from H9 hESCs. However, application of the Gsk3 inhibitors CH or 6-bromoindirubin-3′-oxime (BIO) 3 d before the addition of growth factors greatly enhanced cardiomyocyte generation, producing an average of 50% spontaneously contracting cardiac troponin T (cTnT)-labeled cells ( Fig. 2B and Movie S1). BIO pretreatment for 3 d before addition of activin A and BMP4 also enhanced generation of cTnT-expressing cells in the IMR90C4 iPSC line in a dose-dependent manner (Fig. S3A) . Together these results demonstrate that treatment of hPSCs with Gsk3 inhibitors before differentiation, using either an EB-or monolayer-directed strategy, dramatically enhanced cardiomyocyte differentiation. To assess the temporal requirement of β-catenin for cardiomyocyte generation, we then created 19-9-11 iPSC lines (ishcat-1 and ishcat-2) expressing two different β-catenin shRNA sequences under control of a Tet-regulated inducible promoter (Fig. 2C) . Integration of the lentiviral construct was visualized by mCherry expression, and clones were selected based on resistance to puromycin (Fig. 2D) . Upon the addition of doxycycline (dox), both shRNAs efficiently down-regulated β-catenin expression (Fig. 2E) . We used these cell lines to examine the stage-specific roles of β-catenin during monolayer-directed differentiation induced by activin A and BMP4. Canonical Wnt signaling is essential for cardiac induction, because β-catenin knockdown upon the addition of activin A did not generate cTnT-expressing cells in the 19-9-11 ishcat-1 line (Fig. 2F) . Importantly, knockdown of β-catenin expression at later stages of differentiation enhanced cardiogenesis (Fig. 2F) . Similar results were observed in the 19-9-11 ishcat-2 line (Fig. S3B) .
Highly Efficient Generation of Human Cardiomyocytes Solely by
Modulating Regulatory Elements of Wnt Signaling. Our results and prior studies (21) (22) (23) (24) indicate that early induction of canonical Wnt signaling and suppression of canonical Wnt signaling at later stages of differentiation synergistically enhance yield of cardiomyocytes with other growth factors and/or serum. We next sought to determine whether modulating regulatory elements of Wnt signaling alone, in the absence of serum and exogenous growth factors, was sufficient to induce cardiogenesis. Undifferentiated inducible β-catenin knockdown hPSCs lines were treated with CH for 24 h followed by the addition of dox at various time points between day 0 and day 4 (Fig. 3A) . Cardiomyocyte differentiation was assessed at day 15 by the percentage and yield of cTnT-expressing cells. In the 19-9-11 ishcat-1 line, 12 μM CH produced the most cTnT + cells at day 15 without additional dox-induced β-catenin knockdown (Fig. S4A) . Addition of dox 36 h after the addition of 12 μM CH generated 98% cTnT + cells with yields of ∼15 cTnT + cells per input iPSC without substantial effects on the total cell number ( Fig. 3 B and C and Fig. S4B ). A high purity of cTnT + cells also was obtained using 19-9-11 ishcat-2 ( Fig. 3D ) and three additional (IMR90C4, 6-9-9, and H9) hPSC lines transduced with inducible β-catenin shRNA ishcat-1 (Fig. S4C ).
Molecular analysis of this differentiation process revealed dynamic changes in gene expression with the induction of the primitive streak-like genes T (25) and MIXL1 (26) shortly after CH addition and down-regulation of pluripotency markers OCT4 and NANOG within 4 d (Fig. 3E) . Expression of the cardiac transcription factor NKX2.5 (27) began at day 3 and persisted throughout the 60-d experiment. ISL1, a gene that marks progenitors of the secondary heart field in the early embryo (18), also was detected at day 3, but ISL1 expression ceased by day 30. TBX5 (28), GATA4 (29), and MEF2C (30) are important regulators of cardiomyocyte development, and their expression has been used to convert fibroblasts directly into cardiomyocytes (31) . These three genes were expressed at different time points following β-catenin knockdown, and expression of these genes persisted for the full 60 d of the experiment (Fig. 3E) . In addition to ISL1, TBX5, and NKX2.5, the cardiac progenitor marker WT1 (32) also was expressed during cardiac differentiation. Immunostaining showed the presence of substantial numbers of Isl1 + and/or Nkx2-5 + cells during differentiation (Fig. 3F ). The optimal differentiation conditions illustrated in Fig. 3B , 12 μM CH followed by dox treatment at 36 h, produced relatively pure (up to 98%) cardiomyocytes that contracted spontaneously as coordinated sheets (Movie S2) in multiple (>50) independent experiments in the 19-9-11 ishcat-1 line, demonstrating consistency and reproducibility. These cardiomyocytes were maintained as spontaneously contracting cells in culture for more than 6 mo (Movie S3). The cardiomyocytes exhibited normal cardiac sarcomere organization, demonstrated by immunofluorescent staining of α-actinin, MLC2a, and cTnT ( Fig. 4A and Fig. S4 D-G). Scanning electron microscopy also identified cells with myofibrillar bundles and transverse Z-bands ( Fig. 4B and Fig. S4H ) and cells enriched in mitochondria (Fig. 4B ). Intercalated disks with desmosomes ( Fig. S4I) , typical of cardiomyocytes, were observed also.
The expression pattern of the two major myosin light-chain 2 isoforms, MLC2a and MLC2v, can provide information regarding the diversity and maturity of the cardiomyocytes. To monitor quantitatively the differential expression of myofilament proteins involved in cardiomyocyte specification, we profiled MLC2a and MLC2v expression 20, 40, and 60 d after the induction of differentiation. At day 20, very few cTnT + cells contained detectable levels of MLC2v, a marker of mature ventricular cardiomyocytes (33) (34) (35) , but virtually all cTnT + cells contained MLC2a, which is expressed in atrial and immature ventricular cardiomyocytes ( Fig. 4C) (33) . By day 60, greater than 50% of the cTnT + cells expressed MLC2v, whereas the percentage of cTnT + cells expressing MLC2a decreased to less than 80%, suggesting maturation of a population of ventricular cardiomyocytes.
To provide an initial assessment of the functional competence of cardiomyocytes generated by manipulation of canonical Wnt signaling in the absence of growth factors, we performed sharp microelectrode electrophysiological recordings at 29 d after the addition of CH. Representative recordings of ventricular-like action potentials are shown (Fig. 4D ). Cardiomyocytes also exhibited rate adaptation, as evidenced by decreases in the duration of action potentials in response to stimulation at increasing frequencies (Fig. 4E ). The observed decreases in duration were comparable in magnitude to those previously observed for hESC-and iPSC-derived cardiomyocytes (36, 37) . These results suggest that the ion channels and regulatory proteins involved in action potential generation and regulation are expressed normally in cardiomyocytes generated by Wnt pathway manipulation alone.
Together, these results indicate that spontaneously contracting cardiomyocytes can be generated efficiently from hPSCs solely by manipulating regulatory elements of Wnt signaling in the absence of exogenous growth factors. H9 cells were cultured on Matrigel and treated with DMSO, 1 μM CH, or 1 μM BIO for 3 d before exposure to 100 ng/mL activin A at day 0 and 5 ng/mL BMP4 at day 1 in RPMI/B27-insulin medium using monolayerdirected differentiation. At day 15, the percentage of cTnT + cells in culture was assessed by flow cytometry. # P < 0.005, CH versus DMSO or BIO versus DMSO; Student's t test. (C) Schematic of the inducible shRNA construct for β-catenin knockdown and shRNA sequences targeting β-catenin. P H1TetO represents the human H1 promoter with Tet operator sequences. Red and green sequences are forward and reverse shRNA sequences of β-catenin, respectively; the loop sequence is shown in blue. (D) Representative phase-contrast and mCherry epifluorescence images of 19-9-11 cells transduced with lentiviral vectors containing the constructs described in C and selected by puromycin treatment. (E) 19-9-11 ishcat-1 and ishcat-2 cells were cultured in mTeSR1 containing 2 μg/mL dox. After 3 d, mRNA was collected, and β-catenin expression was evaluated by quantitative PCR. Error bars represent SEM of three samples. # P < 0.005, ishcat-1 versus iscramble or ishcat-2 versus iscramble; Student's t test. (F) 19-9-11 ishcat-1 cells were cultured in mTeSR1 medium and were treated with BIO before exposure to 100 ng/mL activin A at day 0 and 5 ng/mL BMP4 at day 1, with 2 μg/mL dox added at the indicated times. Cells were analyzed for cTnT expression by flow cytometry 15 d after initiation of differentiation. Error bars represent SEM. of three independent experiments. # P < 0.005, for each time point versus no dox; Student's t test.
and BMP4 signaling antagonists were presented during the first 24 h of cardiomyocyte induction with 12 μM CH. All samples were treated with dox at 48 h. SB431542 (SB), an inhibitor of activin A receptor-like kinase ALK5 and its relatives ALK4 and ALK7 (38) completely blocked cardiomyocyte specification at concentrations greater than 2 μM (Fig. 5A) . Addition of DMH1, a dorsomorphin analogue that inhibits the BMP ALK2 receptor (39) , also decreased the percentage of cTnT + cells in a concentration-dependent manner (Fig. 5A ). To investigate further the role of TGF-β superfamily signaling in modulating regulatory elements in Wnt pathway-mediated cardiogenesis, we assessed Smad1/5 and Smad2 phosphorylation downstream of BMP4 and activin A signaling, respectively. As expected, substantial Smad1/5 and Smad2 phosphorylation was detected in cells that had been treated with activin A and BMP4. CH treatment resulted in Smad1/5 and Smad2 activation at levels comparable to those induced by activin A and BMP4. Smad1/5 phosphorylation was strongly attenuated by DMH1, whereas SB reduced Smad2 phosphorylation. Interestingly, endogenous BMP2/4 was detected in undifferentiated hPSCs and cells following CH treatment (Fig. 5B and Fig. S5 ). Gene-expression analysis revealed that BMP2 and BMP4 were up-regulated gradually upon CH treatment and persisted throughout the differentiation process, whereas a transient up-regulation upon CH treatment was observed for NODAL expression (Fig. 5C ). These results indicate that activin/Nodal and BMP signaling are necessary for cardio- Elements of Wnt Signaling. Although shRNA inhibition of β-catenin provides specific and facile temporal regulation of canonical Wnt signaling, this method requires genetic modification of the hPSC line, reducing its utility for potential clinical applications. We next used the mechanistic insight these modified lines provided regarding the sufficiency of modulating regulatory elements in canonical Wnt signaling in cardiomyogenesis to develop a completely defined, growth factor-free method of generating cardiomyocytes from unmodified hPSC lines efficiently, using only small molecule inhibitors of mediators of canonical Wnt signaling. First, 19-9-11 iPSCs were maintained in mTeSR1 on Matrigel for 5 d; then the medium was switched to RPMI/B27-insulin containing 12 μM CH. Inhibitor of Wnt production-4 (IWP4) and Inhibitor of Wnt production-2 (IWP2), which prevent palmitylation of Wnt proteins by Porcupine, thereby blocking Wnt protein secretion and activity (40) , were used to inhibit Wnt signaling. Addition of 5 μM IWP4 at day 3 resulted in optimal generation of cardiomyocytes (Fig. 6A and Fig. S6A ). Similar to results obtained with the 19-9-11 ishcat-1 cell line, CH treatment of 19-9-11 cells alone generated only 16% cTnT + or MF20 + cells after 15 d, whereas adding 5 μM IWP4 or IWP2 at day 3 increased this purity to 87% cTnT + or MF20 + cells. Similar results were obtained when CH was replaced by other Gsk3 inhibitors, including CHIR98014 and BIO-acetoxime (Fig. S6B) .
To achieve fully defined cardiomyocyte differentiation conditions, Matrigel was replaced with a defined peptide acrylate surface (Synthemax) during both hPSC expansion and differentiation (Fig. 6B) . 19-9-11 and IMR90C4 iPSCs plated on Synthemax plates and treated with CH and IWP4 also generated ∼85% cTnT + or MF20 + cells, comparable to the efficiency of differentiation observed after CH treatment followed by expression of β-catenin shRNA (Fig. 6C) . Similar results were obtained in iPSC line 6-9-9 and hESC line H9 (Fig. S6C) . These differentiated populations formed spontaneously contracting sheets of cardiomyocytes (Movies S4 and S5). The cardiomyocytes exhibited normal cardiac sarcomere organization (Fig. 6D) . Representative recordings of ventricular-like action potentials are shown (Fig. 6E) . The small molecule cardiac differentiation protocol predominantly generated cardiomyocytes with a ventricular-like action potential morphology (32/35, 91.5%). Atriallike action potentials were observed less commonly (3/35, 8.5%), and nodal-like action potentials were not observed (0/35, 0%). Cardiomyocytes generated by treatment of hPSCs with small molecules also exhibited rate adaptation, as evidenced by decreases in the duration of action potentials in response to stimulation at increasing frequencies (Fig. 6F) .
Discussion
This study demonstrates efficient and robust generation of cardiomyocytes from multiple hPSC lines solely via small molecule modulation of regulatory elements of Wnt/β-catenin signaling. Using the 7TGP lines, we showed that activation of Wnt/β-catenin signaling promotes differentiation, not self-renewal, of hPSCs, a result that is consistent with a recent publication from Davidson et al. (41) . Furthermore, our data demonstrate that β-catenin is essential for cardiogenesis upon hPSC treatment with activin A and BMP4. Knockdown studies conclusively demonstrated that β-catenin is required in hPSC differentiation to mesoderm and cardiac progenitors induced by Gsk3 inhibitors. In addition, β-catenin knockdown at the appropriate differentiation stage enhanced generation of cardiomyocytes during monolayer-based directed differentiation induced by ligands of the TGF-β superfamily. Recently, cardiomyocytes were isolated by cell sorting with an antibody against SIRPA, producing up to 98% purified cardiomyocytes from hPSC differentiation cultures (7). However, this technique also has disadvantages with regard to its cost, efficiency, response speed, separate resolution, and scalability. Furthermore, if cells are to be cultivated after subsequent sorting, the damage to cells caused by to the sorting process should be minimized. Instead, we demonstrated that it is possible to generate up to 98% cardiomyocytes by temporally modulating regulatory elements of Wnt signaling without subsequent enrichment or purification. Greater than 82% cardiomyocytes were obtained in six hESC and iPSC lines, including the 19-9-11 and 6-9-9 lines which exhibited low rates of cardiogenesis in EB differentiation (Table S1 ). Most importantly, we showed that small molecules modulating regulatory elements of a single developmental pathway, Wnt/β-catenin signaling, is sufficient for highly efficient and reproducible cardiac differentiation in multiple hPSC lines under fully defined, growth factor-free conditions. This finding suggests that canonical Wnt signaling can act as a master regulator of cardiomyocyte specification from pluripotent cells, with temporal changes in Wnt signaling regulating autocrine and paracrine signals that also are involved in cardiac development, including TGF-β superfamily pathways. Cardiomyocyte differentiation was sensitive to the timing and dose of Wnt pathway modulation. During growth factor-free directed differentiation, optimization of timing of Wnt pathway regulators generated 98% cTnT + cardiomyocytes. To achieve a high purity of cardiomyocytes by β-catenin knockdown, the addition of dox must be initiated within several hours of the 36-h postdifferentiation optimum. This result is consistent with a previous study that reported cardiac potential is restricted to a narrow window of mesoderm development (42) and an EB-based study which found that kinetics of differentiation of each cell line need to be evaluated for optimal germ-layer induction (6) .
Although exogenous TGF-β superfamily growth factors are not necessary for cardiomyocyte differentiation, activin/Nodal and BMP pathway inhibitors resulted in a dramatic decrease in cTnT + cells. Expression of Nodal and BMPs early in differentiation, when 90% of the cells are either Oct4-or brachyury-positive, suggests that endogenous Nodal/BMPs may be produced by undifferentiated cells or mesendoderm cells. Modulation of regulatory elements in Wnt pathway signaling triggers expression of a variety of developmental cues [e.g., Nodal (6), BMP2/4 (6, 8), Noggin (43), WNT3a (24) , and WNT8a (9)] and transcription factors involved in cardiomyocyte differentiation [e.g., T (25), MIXL1 (26), ISL1 (18) and NKX2-5 (27), TBX5 (28), and MEF2C (30)]. The paradigm of modulating regulatory elements from a single critical developmental pathway that then results in a more complex developmental program also may simplify hPSC differentiation to other therapeutically relevant lineages.
The use of small molecules to regulate developmental programs has been described in reprogramming somatic cells to human iPSCs and directed differentiation of hPSCs to clinically relevant lineages. For example, ALK4/5/7 inhibitors have been shown to enhance reprogramming (44, 45) via overexpression of reprogramming transcription factors. LY294002 (46), a PI3K inhibitor, and IDE1 (47) , an activator of the Nodal pathway, promote endodermal differentiation of hPSCs treated with serum and/or activin A. Inhibitors of Wnt production enhance serum and BMP4-based cardiac differentiation of hPSCs in EBs (23) . However, these protocols require the expression of transcription factors or application of serum and/or growth factors for cell fate conversion. Here we show that small molecules alone are sufficient to convert hPSCs to cardiomyocytes efficiently when applied at the appropriate developmental stages. The use of small molecules instead of growth factors ultimately could allow inexpensive and reproducible generation of human cardiomyocytes or multipotent tissue-specific stem cells in completely chemically defined conditions, facilitating translation of these cells to highthroughput screening applications or regenerative therapies (48) . 
Methods
Maintenance of hPSCs. Transgene-free human iPSCs (6-9-9 and 19-9-11) (49), lentiviral integrated human iPSC (IMR90C4) (2) , and hESCs (H9, H13, H14) (1) were maintained on MEF feeders in hESC medium: DMEM/F12 culture medium supplemented with 20% (vol/vol) KnockOut serum replacer, 0.1 mM nonessential amino acids, 1 mM L-glutamine (all from Invitrogen), 0.1 mM β-mercaptoethanol (Sigma), and 10 ng/mL human bFGF (Invitrogen). Conditioned medium is hESC medium conditioned by MEFs 
STEMCELL Technologies).
Cardiac Differentiation via EBs. hPSCs were passaged onto MEFs (∼13,000 cells/ cm 2 ) and cultured in hESC medium for 2 d followed by another 3 d in hESC medium supplemented with BIO (Sigma) or CHIR99021 (Selleck). To form EBs, hPSC cell aggregates generated by dispase treatment were cultured in low-attachment plates overnight in RPMI plus 20% (vol/vol) KnockOut serum replacer. The next day, the EBs were cultured in RPMI20 (RPMI plus 20% FBS) for 4 d in suspension. EBs then were plated onto 0.1% (wt/vol) gelatin-coated six-well culture plates at 50-100 EBs per well and were cultured in RPMI20 medium. After 10 d of differentiation, the FBS concentration was reduced to 2% (vol/vol) RPMI2 (RPMI plus 2% FBS). The number of contracting EBs was assessed visually using a microscope with a 37°C-heated stage.
Cardiac-Directed Differentiation Using Activin A and BMP4. hPSCs maintained on Matrigel in mTeSR1 were dissociated into single cells with Accutase (Invitrogen) at 37°C for 5 min and then were seeded onto a Matrigel-coated cell-culture dish at 100,000-200,000 cell/cm 2 in mTeSR1 supplemented with 5 μM ROCK inhibitor (Y-27632; Stemgent) (day −5) for 24 h. Cells then were cultured in mTeSR1, which was changed daily. At day 0, cells were treated with 100 ng/mL activin A (R&D) in RPMI/B27-insulin. After 24 h, the medium was changed to RPMI/B27-insulin supplemented with 5 ng/mL BMP4 (R&D) for another 4 d. At day 5, the medium was changed to RPMI/B27-insulin. At day 7 the cells were transferred to RPMI/B27, and medium was changed every 3 d. When Gsk3 inhibitors were used to stimulate cardiomyocyte differentiation, cells were cultured in mTeSR1 containing BIO or CHIR99021 from day −3 to day 0.
Cardiac-Directed Differentiation via Small Molecules. Cells were dissociated and plated as described in the activin/BMP4 protocol. When hPSCs maintained on Matrigel or Synthemax plates achieved confluence, cells were treated with CH in RPMI/B27-insulin for 24 h (day 0 to day 1). The medium was changed to RPMI/B27-insulin, followed by treatment with 2 μg/mL dox at different times between day 1 and day 5 for transgenic cell lines. For genetically unmodified lines, 5 μM IWP2 (Tocris) or IWP4 (Stemgent) was added at day 3 and removed during the medium change on day 5. Cells were maintained in the RPMI/B27 starting from day 7, with the medium changed every 3 d. Other small molecules, including SB431542 (Stemgent) and DMH1 (Sigma), were used in this study.
Lentiviral Production and Infection of Human Pluripotent Stem Cells. The pLKO.1-based β-catenin constitutive knockdown vectors shcat-1 and shcat-2 (plasmids 19761 and 19762; Addgene) and the β-catenin-inducible knockdown vectors ishcat-1 and ishcat-2 (Biosettia) were used for lentivirus particle production. These vectors were cotransfected with the helper plasmids psPAX2 and pMD2.G (plasmids 12260 and 12259; Addgene) into HEK-293TN cells (System Biosciences) for virus production. Virus-containing media were collected at 48 and 72 h after transfection and used for human pluripotent stem cells (hPSC) infection in the presence of 6 μg/mL Polybrene (Sigma). Transduced cells were selected and clonally isolated based on resistance to 1 μg/mL puromycin.
RT-PCR and Quantitative RT-PCR. Total RNA was prepared with the RNeasy mini kit (QIAGEN) and treated with DNase (QIAGEN). RNA (0.1 μg) was reverse transcribed into cDNA via Oligo (dT) with SuperScript III Reverse Transcriptase (Invitrogen). Real-time quantitative PCR was done in triplicate with iQ SYBR Green SuperMix (Bio-Rad). RT-PCR was performed with Gotaq Master Mix (Promega) and then subjected to 2% (wt/vol) agarose gel electrophoresis. ACTB was used as an endogenous control. The primer sequences are listed in Table S2 .
Flow Cytometry. Cells were dissociated into single cells and then fixed with 1% (vol/vol) paraformaldehyde for 20 min at room temperature and stained with primary and secondary antibodies in PBS plus 0.1% (vol/vol) Triton X-100 and 0.5% (wt/vol) BSA. Data were collected on a FACSCaliber flow cytometer (Beckton Dickinson) and analyzed using FlowJo. Antibodies are listed in Table S3 .
Immunostaining. Cells were fixed with 4% (vol/vol) paraformaldehyde for 15 min at room temperature and then stained with primary and secondary antibodies in PBS plus 0.4% (vol/vol) Triton X-100 and 5% (wt/vol) nonfat dry milk (Bio-Rad). Nuclei were stained with Gold Antifade Reagent with DAPI (Invitrogen). An epifluorescence microscope (DM IRB; Leica) with a QImaging Retiga 4000R camera was used for imaging analysis. Antibodies are listed in Table S3 . Table S3 .
Electrophysiology. Beating cardiomyocyte clusters were microdissected and replated onto glass coverslips and were maintained in RPMI2 medium before recording. Action potential activity was assessed using glass microelectrodes (50-100 MΩ; 3 M KCl) in a 37°C bath continuously perfused with Tyrode's solution (in mmol/L): 140 NaCl, 5.4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 10 Hepes, 10 glucose (pH 7.4), NaOH. Junction potentials and capacitance were nulled, and data were acquired at 10 kHz with an AxoClamp2A amplifier and pClamp 9.2 software (Molecular Devices). Electrical field stimulation was performed using two platinum electrodes coupled to a Grass SD9 stimulator (Grass Technologies). For analysis, data were filtered offline using a lowpass Gaussian filter with a cutoff frequency of 2 kHz.
Statistics. Data are presented as mean ± SEM. The statistical significance of differences between two groups was determined by two-tailed Student's t test. A Kruskal-Wallis test and Dunn's posttest were used for statistical comparisons of electrophysiology data. P < 0.05 was considered statistically significant. ishcat-1 cells were treated with different concentrations of CH in RPMI/B27-insulin for 24 h, and then the medium was changed to RPMI/B27-insulin at day 1. Starting from day 7, cells were cultured in RPMI/B27. Flow cytometry of cTnT was performed at day 15 after the addition of CH. Error bars represent the SEM of three independent experiments. *P < 0.05; # P < 0.005, each point versus no CH (Student's t test). (B) 19-9-11 ishcat-1 cells were cultured in mTeSR1 before exposure to 12 μM CH in RPMI/B27-insulin for 24 h. Dox (2 μg/mL) was added at different time points following CH addition. Cell counting and flow cytometry of cTnT were performed at day 15 after the addition of CH. Error bars represent the SEM of three independent experiments. (C) Three additional hPSC lines (IMR90C4, 6-9-9, and H9) transduced with inducible β-catenin shRNA construct ishcat-1 cells were cultured in mTeSR1 and treated with 12 μM CH followed by the addition of 2 μg/mL dox 36 h later. Flow cytometry of cells expressing cTnT was performed 15 d following CH addition. (D-G) Immunostaining of day 30 cardiomyocytes generated from (D) 19-9-11 ishcat-1, (E) IMR90C4 ishcat-1, (F) 6-9-9 ishcat-1, and (G) H9 ishcat-1 cells cultured in mTeSR1 and treated with the addition of 12 μM CH and 2 μg/mL dox 36 h later. Cells were immunostained for cTnT, α-actinin, and MLC2a to show sarcomere structure. (Scale bars, 20 μm.) (H and I) Transmission electron microscopic images of beating clusters derived from 19-9-11 ishcat-1 cells following culture in mTeSR1 and treated with the addition of 12 μM CH and 2 μg/mL dox 36 h later. Table S1 . Percent of cTnT + cardiomyocytes present at day 15 after differentiation via embryoid body (EB) generation, directed differentiation using a Gsk3 inhibitor and shRNA knockdown of β-catenin, or directed differentiation using a Gsk3 inhibitor and inhibitors of Wnt production (IWPs) Data are presented as mean ± SD of three independent experiments. ND, not determined. 
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